A series of polyvinylimidazolium-based nanoparticles were prepared via precipitation polymerization and tested as binders in cathodes of lithium ion batteries. Compared with the commercial standard poly-(vinylidene fluoride), the as-synthesized nanoparticles present a superior performance. This "little change" of a polymer in otherwise unaltered devices gives not only a higher specific capacity but also an outstanding long-term electrochemical durability at least for 1000 charge-discharge cycles.
Electrochemical energy storage and conversion devices, such as batteries, fuel cells, supercapacitors, and solar-fuel devices, are the focus of current research due to their key role in the use of renewable energy, one of the main challenges of our society.
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These devices are commonly based on electrochemically active powdered materials, which are oen poorly electron conductive. Therefore, conductive additives, such as carbon powders, are added to increase the conductivity of the electrodes and to achieve acceptable electrochemical performances. The electrode material and the carbon powders are glued together into a stable electrode by a binder polymer. 6, 7, [9] [10] [11] The impact of polymer binders on the overall behavior of the complete electrode system, particularly with regard to the resulting mechanical properties and interactions with electrolytes and other active components, is highly relevant for the performance and the cycling stability of the device.
3,12-14 So far, only a few literature reports have addressed this issue, but recent work has already illustrated that the polymer binder itself has the potential to tremendously improve the performance of the electrochemical devices.
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Functionality, polarity, viscosity, exibility, stability, and in some cases conductivity appear to be crucial factors. For example, the viscosity of the polymer binder solutions is known to strongly affect both the processing and drying behavior of electrode slurries and the resulting electrode morphology. In general, many studies suggest that poly-(vinylidene uoride) (PVDF), which is a standard choice and for instance applied to commercially available lithium-ion batteries (LIBs), 19, 20 is not the most appropriate binder for electrodes, but is taken as a benchmark, nevertheless, which is due to the assumed high chemical stability. 21 Some drawbacks have however already been recognized, such as the limited surface activity to bind eventually all electrode components as well as deuorinating side reactions with the electrolyte and the carbon component of the electrode. 22, 23 The pursuit for more functional and efficient binders is therefore still an open race with high potential benets. In more simple words: a better binder literally improves the storage capacity and lifetime of the billions of batteries around, without really relying on any technology or processing change.
The present manuscript relates to the investigation of a series of densely crosslinked polymer nanoparticles bearing imidazolium-type ionic liquid (IL) units as an innovative binder for the cathodes in LIBs. The IL-species structured in a nanoparticle form can combine the high surface-to-volume ratio of nanoparticles with the superior physical properties of ILs, such as high electrochemical stability. The synthetic route to these polymer nanoparticles is illustrated in Fig. 1 . Polyvinylimidazolium-based polymers have found versatile applications in various elds from heterogeneous catalysis, solid polymer electrolytes, to gas separation. [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] This broad application spectrum is in fact related to the dense packing of the IL species in the polymer chains. Such ILs play an important role in the fabrication of various functional materials, such as nanocomposites. [35] [36] [37] Due to a broad electrochemical window of the imidazolium-based IL species, polyvinylimidazolium-based polymers can in principle withstand a broad range of operation voltage in electrochemical energy storage/conversion devices. [38] [39] [40] [41] [42] [43] [44] Considering the high polarity and the excellent surface activity already known, polyvinylimidazolium-based polymers are a potentially favorable choice of polymer binders. To our knowledge, only in one study, vinylimidazolium-based crosslinked copolymer nanoparticles of 40 nm have been tested as a binder for the silicon anode in lithium ion batteries (LIBs) . 45 Yet when applied to the cathode, these binders were claimed to decompose under operation. These pioneering observations, though exciting and encouraging, due to a possibly restricted choice of the polymer nanoparticle candidates did not reveal the real potential of the polyvinylimidazolium nanoparticle binders.
Instead of solid, compact nanoparticles, we built up nanoparticles from a crosslinked, hyperbranched IL network made by precipitation polymerization of the pure cross-linker. Such a polymerization is known to result in non-spherical, broadly distributed, fractal structures, which were called Staudingermicrogels in earlier days, 46, 47 and have open pores as well as high surface area. It is our opinion that such an open particle can buffer mechanical stress and undergo geometrical deformation to accommodate the size-expansion of cathode materials in battery operation, while providing sufficient access to ions for transport at their surface. In addition, adherence of such hyperbranched particles, for entropy reasons, is known to be quite high.
The synthetic route to a typical polyvinylimidazolium nanonetwork is shown as an example in Fig. 1A . Initially, 1,3,5-tribromomethyl benzene (B3Br) reacted with excess of 1-vinylimidazole to produce monomer B3VBr bearing three vinylimidazolium bromide units. The following polymerization of monomer B3VBr was carried out to form in fact molecular, but three dimensionally interconnected, networks. Anion exchange from Br to bis(triuoromethane)sulfonimide (TFSI) further improves the electrochemical stability of these polymer nanoparticles, as imidazolium-based ILs when paired with TFSI exhibit exceptional stability in a broad electrochemical voltage window. Following this design principle, 4 different monomers (Fig. 1B) were chosen in this work to investigate the structurefunction relationship. They are denoted as B3VBr, Bm3VBr, B4VBr, and B6VBr, respectively, where "B" stands for the benzene core and nVBr for a specic number of the vinylimidazolium bromide IL units attached to the phenyl ring. Bm3VBr carries additionally three methyl groups.
The success in the monomer synthesis was veried by proton and carbon nuclear magnetic resonance spectra (ESI †). The degree of functionalization was found to be quantitative, except B6VBr, which contains 5 mol% of -CH 2 Br residues. We attribute this incomplete functionalization to the enhanced steric hindrance. The resultant crosslinked nanoparticles were further analyzed by Fourier transform infrared spectroscopy (FT-IR) ( Fig. 2A and B and ESI †) to conrm the radical crosslinking reaction as well as the anion exchange process. In Fig. 2A , monomeric B3VBr shows a distinct vinyl band at 1654 cm À1 . The intensity of this band drops signicantly (indicated by a dotted arrow) aer radical polymerization, revealing that the majority of the vinyl-moieties joined the polymer network formation and created PB3VBr. Through anion exchange, the as-synthesized PB3VTFSI presents prominent bands n a (SO 2 ) at 1344, n a (CF 3 ) at 1182, n s (SO 2 ) at 1129, and n a (S-N-S) at 1052 cm À1 (indicated by black arrows), which are characteristic vibration bands for TFSI anions. Since sulfur is present exclusively in the TFSI anion, we applied elemental analysis of sulfur to these nanoparticles to quantify the anion exchange degree. The elemental analysis result indicates the degree of anion exchange in the sequence of PB3VTFSI (75%) ¼ PBm3VTFSI (75%) > PB4VTFSI (72%) > PB6VTFSI (66%) (Table S1 †). The lower degree of anion exchange in PB6VTFSI is associated with the hindered accessibility to the Br anion trapped in a more densely crosslinked network introduced by the six vinyl units in the B6VBr monomer. The amount of exchange of Br À at the same time measures the accessibility and mobility of all ions involved in our special network particle structure, and at least around 70% of the ions contribute to binding and ion transport. The size and shape of the binder nanoparticles were investigated by transmission electron microscopy (TEM) and dynamic light scattering (DLS), respectively. Fig. 2C shows a TEM image of the PB3VTFSI binder, where dark objects of irregular shapes, corresponding to the crosslinked polyvinylimidazolium nanoparticles, are observed. Similar morphologies were also observed in other polyvinylimidazolium nanoparticles used in this work. These nanoparticles feature a large distribution of size and shapes, which is indeed expected for such systems. The branched fractal structure as well as the high adhesion makes the size evaluation via TEM difficult. Thus the nano-network size and size distribution were characterized by the DLS measurements in solution. The number-averaged diameters for these nanoparticles are found in the range of 10-30 nm, however with the expected rather broad size distribution (see Table S1 †).
These polyvinylimidazolium nanoparticles were then examined as a binder to a lithium ion battery setup using LiFePO 4 The cathodes were prepared by casting a mixture of LiFePO 4 , carbon additive, binder, and acetonitrile on an Al foil, followed by a drying process. We did not apply mechanical pressing, although it typically further improves the electrochemical performance, in order to focus exclusively on the intrinsic properties of binders. Fig. 3A shows the charge-discharge curves running at a current density of 1 C (¼170 mA g À1 ) using PVDF as a reference, representing the default value for the specic capacity of 120 mA h g À1 in our preparation. The nanoparticle binders PB4VTFSI, PB3VTFSI, and PBm3VTFSI favorably delivered a higher specic capacity of 140, 145 and 153 mA h g À1 , respectively, reaching 91% of the maximum value of 168 mA h g À1 and suggesting that they indeed improve the overall cathode performance. This is supported by the mixing behaviour of all cathode components in the presence of different binders in the primary dispersion state. As shown in Fig. 4 , when PVDF is used as a binder, dispersion instability was optically detected aer 3 days, while the polyvinylimidazolium-based mixtures remained welldispersed aer 5 days. The dispersion-apparent optical density (OD app ) test, which measured the absorbance at l ¼ 500 nm of the dispersions aer dilution of the original dispersion in acetonitrile by 500 times, shows that the polyvinylimidazoliumbased dispersion has a much higher absorbance (56.1%, OD app $ 280) than the PVDF-based system (31.8%, OD app $ 159).
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Taking consideration of the isolating nature of PVDF and the well-known interfacial activity of polyvinylimidazolium-based polymers to adopt and attach to eventually all surfaces, we assume that the polyvinylimidazolium networks indeed form a homogeneous, comparably better conductive matrix with the carbon additives embedding LiFePO 4 to enhance the charge ow and transfer. It should be noted that PB6VTFSI provides an unfavorable capacity of only 83 mA h g À1 , which we attribute to the defects in synthesis, i.e. the chemically reactive residual -CH 2 Br units and a low degree of anion exchange, as discussed above.
The electrodes carrying PVDF, PB3VTFSI, PBm3VTFSI and PB4VTFSI were further tested up to 100 cycles at 1 C to approach their cycling performance. As shown in Fig. 3B , they all present a higher specic capacity than PVDF. A close view reveals more details in their different cycling features. Although PBm3VTFSI initially bears the best specic capacity, aer 100 cycles, a clear degradation of its specic capacity by 8% is found, with a more severely rapid fall aer 40 cycles. This degradation can be explained by its chemical structure. PBm3VTFSI incorporates three methyl moieties at positions 2, 4, and 6 of each phenyl ring. The methyl moiety is known to undergo electrochemical oxidation at voltages around 1.5 V, depending on the other substituents on the aromatic ring and the chemical environment. 51, 52 In comparison, PB3VTFSI and PB4VTFSI exhibit more robust stability. PB4VTFSI lost ca. 5% of its capacity, while PB3VTFSI eventually retained its full binding capability.
The battery tests were then extended to 1000 cycles for PB3VTFSI, PB4VTFSI and PVDF at higher charge/discharge currents, 5 C ¼ 850 mA g À1 (Fig. 3C ). This is a harsh, more realistic condition in the future daily life usage of LIBs, i.e. full charge-discharge in only 24 min. The PVDF and PB4VTFSI cathodes were found to degrade aer 400 cycles under these violent conditions. In contrast, PB3VTFSI showed an extraordinary stable cycling performance all along the measurement. The reason for the degradation of PVDF could be the swelling of the electrolyte and the following loss of electrical contact between the active material and the current collector. 53 The rate capability of PB3VTFSI was compared with PVDF, and we found that PB3VTFSI shows a better rate capability than PVDF (Fig. S8 †) . This test on one side veries polyvinylimidazolium nanoparticles as a top candidate to replace PVDF as binders for LIBs; on the other side it motivates us to understand the inherent mechanism of the unusual function of the polyvinylimidazolium binder in the electrochemical environment.
We investigated the electrochemical processes by using electrochemical impedance spectroscopy (EIS) (Fig. 3D , Table  S2 , and Fig. S9 †) . 54 As a two-phase mechanism is expected to dominate the insertion/de-insertion process of Li + into LiFePO 4 , we rst carried out the EIS measurements for pristine LiFePO 4 particles in order to use a solid solution phase to t the impedance spectra with the Warburg impedance. [55] [56] [57] [58] [59] The obtained Nyquist plots were tted by an equivalent circuit with a two-step ion insertion/de-insertion process, which is a typical equivalent circuit for the insertion mechanism (Fig. 3D  inset) .
60-62 R s , R 1 and R 2 are the electrolyte resistance, interfacial charge transfer resistance in the high frequency region and interfacial charge transfer resistance in the low frequency region, respectively. The constant phase element (CPE) is described by Z CPE ¼ 1/(ju) p T CPE which is constituted of a CPE constant (T CPE ) and a CPE index (p). Z w is the Warburg impedance, which corresponds to the diffusion of ions into a bulk.
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The results of EIS measurements showed that the nanoparticle binders reduce both resistances R 1 and R 2 which correspond to the Li + transfer from the outer Helmholtz plane (OHP) to the inner Helmholtz plane (IHP) and the ad-ion diffusion from IHP to the electrode surface, respectively (Table S2 †) . Chemically this can be translated to a promoted transport of the Li + through all physical layers of the electroactive material, potentially related to the fact that the polyvinylimidazolium binders give a favourable polarizing medium to desolvate the Li + , a process which has the highest activation energy during the Li + insertion process into a solid material, [63] [64] [65] plus that the substitution of PVDF avoids the formation of non-conductive polymeric insulation layers which diminish effective ion transport.
Conclusions
In conclusion, new polymer nanonetwork particles were applied as a binder material in the cathode of LIBs. Our experimental data support that the polyvinylimidazolium nanoparticle binders with our specic structure design enhances dramatically the cathode performance. As a new generation binder material, they desirably deliver a higher specic capacity than PVDF, while at the same time the best system demonstrated a robust cycling stability even above 1000 cycles under harsh electrochemical conditions. In ongoing work, the superior performance of the polyvinylimidazolium nanoparticle as a binder is extended to other electrochemical devices, such as metal-O 2 batteries, fuel cells, supercapacitors and solar-fuel devices. This will be reported in the future elsewhere.
